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(57) ABSTRACT

A biosensor not requiring washing of an unbonded label
molecular by analyzing an object to be measured such as an
antigen, an antibody, a DNA, and an RNA through magnetic
field sensing. The biosensor 1s small 1n size, low 1n price, and
high 1n sensing accuracy. Semiconductor Hall devices are
arrayed two-dimensionally on the bottoms of recesses 1n the
surface of a sensor chip to which bonded 1s a magnetic mol-
ecule with which a magnetic particle 1s labeled so as to sense
the magnetic field produced along the sensor surface of the
sensor chip. The surface area of each semiconductor Hall
device 1s less than the maximum cross section of the magnetic
molecule, and the intervals of the arrayed semiconductor Hall
devices are larger than the diameter of the magnetic Hall
molecule. Thus, the analysis accuracy 1s enhanced. An inter-
connection 1s used commonly to the semiconductor Hall
devices, thereby reducing the size of the sensor.

19 Claims, 15 Drawing Sheets
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BIOSENSOR, MAGNETIC MOLECULE
MEASUREMENT DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a National Stage application under 35

U.S.C. §371 and claims benefit under 35 U.S.C. §119(a) of
International Application No. PCT/JP03/0084°7 having an
International Filing Date of Jan. 29, 2003, which claims ben-
efit of JP 2002-20095 filed on Jan. 29, 2002 and JP 2002-
271410 filed on Sep. 18, 2002.

TECHNICAL FIELD

The present invention relates to a biosensor, a method for
measuring magnetic molecules and a method for measuring,
objects to be measured, and more particularly to a biosensor,
a method for measuring magnetic molecules and a method for
measuring objects to be measured that are used for analyzing
objects to be measured by measuring the amount of magnetic
molecules.

BACKGROUND ART

In recent years clinical diagnosis and detection as well as
genetic analysis 1s being carried out by immunological tech-
niques or hybridization 1n which specific binding between
specific pairs of molecules, such as binding of an antigen to 1ts
antibody, 1s utilized to detect antigens, antibodies, DNA
(DeoxyribonucleicAcid) molecules, RNA (Ribonucleil-
cAcid) molecules and the like.

Particularly 1n solid phase binding assay, a method 1s used
that utilizes magnetic particles for detection. A schematic
diagram ofthe conventional solid phase assay using magnetic
particles 1s shown 1 FIG. 17.

As shown 1n the figure, the assay 1s performed using a solid
phase 91, molecular receptors 61 that capture an object to be
measured 62, amagnetic particle 51, and molecular receptors
63 which detect the object to be measured 62, to thereby assay
the object to be measured 62.

The solid phase 91 has a solid phase surface that contacts
with a sample solution, and the molecular receptors 61 are
immobilized on the solid phase surface. A polystyrene bead,
a wall surface of a reaction vessel, a substrate surface or the
like 1s used for the solid phase.

As the molecular receptors 61 and the molecular receptors
63, a molecule that binds specifically to the object to be
measured 62 that 1s present in the sample solution 1s used. The
object to be measured 62 may be an antigen, antibody, DNA
molecule, RNA molecule or the like.

The magnetic particle 51 1s a labeling material having
magnetization. Detecting a magnetic field produced by the
magnetization of the magnetic particle makes 1t possible to
determine the amount of the magnetic particle 51 that1s in a
state to be described heremafter, and thus the presence or
concentration of an object to be measured 1n the sample
solution can be 1dentified. In addition to the magnetic particle
51, a substance that emits a detectable signal, such as a radio-
active substance, fluorophore, chemiluminophore, enzyme or
the like, may be used as a label. Examples of known assay
methods using these labels include Enzyme Immunoassay
(EIA) which utilizes the reaction between an antigen and 1ts
antibody, or Chemiluminescence (CL) methods such as a
strict Chemiluminescence Immunoassay (CLIA) 1n which a
chemiluminescent compound is used as a labeling compound
for immunoassay, or Chemiluminescence Enzyme Immu-
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noassay (CLEIA)1n which enzyme activity 1s detected at high
sensitivity using a chemiluminescent compound 1n the detec-
tion system.

The molecular receptors 63 that are previously bound to the
magnetic particle 51 are antibodies that bind specifically to
the object to be measured 62 that 1s previously bound to the
magnetic particle 51.

In the assay illustrated in the figure, first, a sample solution
containing the object to be measured 62 1s introduced onto the
solid phase 91 on which the molecular receptors 61 were
immobilized beforehand, whereby the object to be measured
62 specifically binds to the molecular receptor 61. Other
substances contained 1n the sample solution float 1n the
sample solution without binding to the solid phase 91. Then,
the magnetic particle 51 on which the molecular receptors 63
are immobilized 1s introduced 1nto the sample solution. Alter-
natively, the magnetic particle 51 on which the molecular
receptors 63 are immobilized may be introduced into the
sample solution at the same time as the object to be measured
62. Thereby, the molecular receptor 63 binds specifically to
the object to be measured 62 that 1s bound specifically to the
molecular receptor 61 immobilized on the solid phase. The
magnetic particle 51 having the molecular receptors 63
immobilized thereon 1s referred to as a “magnetic molecule”.
Then, a magnetic field produced by the magnetic particle 1s
detected, whereby the amount of magnetic particles 31 bound
to the surface of the solid phase 91 1s determined. Thus, 1t 1s
possible to determine the concentration or position of the
object to be measured 62 bound to the surface of the solid
phase 91. With respect to detection of the magnetic field,
detection methods using magnetoresistive elements arranged
in an array are disclosed in U.S. Pat. No. 5,981,297 and
International Patent Publication WO 97/45740.

In addition to the sandwich assay method described above
in which an object to be measured binds specifically to a
molecular receptor and a different molecule label then binds
specifically to the object to be measured, examples of other
assay methods utilizing the above labels include a competi-
tive assay in which an object to be measured and another
molecule label competitively bind to a molecular receptor.

In the conventional methods, a signal such as tluorescence
or the like from a label 1s detected by an apparatus, such as an
optical detection apparatus, that 1s capable of detecting the
signal. In these methods, it 1s necessary to capture only the
signal from the label of a molecule that 1s specifically bound
to a binding molecule immobilized on a solid phase surface.
However, in the case of optical detection, 1f an unbound
labeled molecule 1s present, the signal from this label may
also be captured and thus an accurate assay cannot be con-
ducted.

Accordingly, it 1s necessary to completely wash away
unbound labeling molecules. Further, since 1t 1s necessary for
an optical detection apparatus to detect a faint light signal, 1t
1s difficult to produce a miniturized or low cost detection
apparatus.

In the method for detection by magnetoresistive elements
using magnetic particles as labels as disclosed 1n the above
U.S. Pat. No. 5,981,297, 1t 1s not necessary to wash away any
unbound labeling molecules. However, a detection chip on
which magnetoresistive elements are arranged 1n an array
requires the switching circuits 1n order to independently
extract the signal of individual elements. FElectrical wiring 1s
then required respectively from each of the elements in the
array to the switching circuits. Consequently, one problem
therewith 1s that as the number of elements increases the
wiring becomes more complicated and the area occupied by
the wiring also increases, and thus minmiaturization 1s difficult.
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In the aforementioned International Patent Publication
WO 97/45740, a circuit for detection ol magnetic particles
comprises a bridge circuit composed of magnetoresistive ele-
ments and transistors functioning as switching elements.
However, since magnetoresistive elements require magnetic
material, after fabricating a part of the circuit containing
transistors by a standard integrated circuit production pro-
cess, 1t 1s then necessary to conduct processes for forming and
processing a magnetic thin film.

It 1s an object of the present mnvention to provide a biosen-
sor that eliminate the need of washing away of unbound
labeling molecules by analyzing an object to be measured
such as an antigen, antibody, DNA molecule or RNA mol-
ecule through detection of a magnetic field, 1n which the
biosensor 1s small 1n size, low 1n price, and high 1n sensing
accuracy, as well as a method for measuring a magnetic
molecule and a method for measuring an object to be mea-
sured.

DISCLOSURE OF THE INVENTION

According to the present invention there 1s provided a
biosensor which assays an object to be measured by means of
a magnetic sensor composed of detector elements for detect-
ing a magnetic field produced by bound magnetic molecules,
the detector elements being arranged two-dimensionally 1n X
rows and Y columns (X andY are natural numbers, the same
applies hereunder) and the assay of the object to be measured
being conducted by measuring the amount of the above mag-
netic molecules, characterized i1n that the biosensor com-
prises a signal processing means which determines the
amount of the bound magnetic molecules by comparing the
intensities of magnetic fields of different regions along the
sensor surface of the magnetic sensor, and assay of the object
to be measured 1s conducted based on the determined amount
of magnetic molecules.

The present invention further provides the above biosensor
characterized 1n that the detector element comprises a semi-
conductor Hall device.

The present invention further provides the above biosensor
characterized 1n that a reference region to which the above
magnetic molecules are incapable of binding 1s provided on
the sensor surface of the above magnetic sensor, and the
above signal processing means conducts comparison using an
intensity of a magnetic field of the reference region as a
reference.

As used herein, the term “mutually different regions”
refers to, for example, comparing the respective intensities of
magnetic fields detected by adjacent Hall devices. Alterna-
tively, a region 1s provided as a reference, and the intensity of
a magnetic field detected in that region may be used as a
reference for comparison with the mtensity of a magnetic
field detected in another arbitrary region.

The present invention further provides the above biosensor
characterized 1n that surface treatment 1s performed for the
above reference region such that molecular receptors that
bind with the magnetic molecules are incapable of 1mmobi-
lizing thereto.

The present invention further provides the above biosensor
characterized 1n that 1t further comprises a selection means
for selecting individual detector elements arranged in the
above X rows and Y columns and extracting an output thereof.

The present invention further provides the above biosensor
characterized in that the above magnetic sensor, the above
selection means and a signal amplification circuit that ampli-
fies an output signal of the above detector element are formed
on one chip.
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The present invention further provides the above biosensor
characterized in that the size of each detection space 1n which
detection of a magnetic field by the above detector elements 1s
possible 1s equal to the size of approximately one molecule of
the magnetic molecules to be bound.

Thereby, the number of magnetic molecules detected by a
detector element 1s limited to one, and thus variations in
measurement values caused by detection of a plurality of
magnetic molecules can be controlled. This enables enhance-
ment of the analysis accuracy.

The present invention further provides the above biosensor

characterized in that in the above magnetic sensor, the detec-
tor elements are arranged at intervals such that two detector
clements next to each other detect mutually different mag-
netic molecules.
Thus, 1t 15 possible to inhibit interference such as detection
of the same magnetic molecule by adjacent detector elements.
The present invention still further provides the above bio-
sensor characterized in that the above adjacent detector ele-
ments are arranged adjacent to each other at an interval that 1s
equal to or greater than the diameter of the above magnetic
molecules.

Thus, 1t 1s possible to inhibit interference such as detection
of the same magnetic molecule by adjacent semiconductor
Hall devices.

The present invention also provides the above biosensor
characterized in that the sensor surface of the above magnetic
sensor 1s subject to surface treatment for selectively immobi-
lizing 1n a specified region molecular receptors that bind to
the above magnetic molecules.

The present invention further provides the above biosensor
characterized in that recesses of a size corresponding to the
s1ze of the above magnetic molecules are provided on the
sensor surface of the above magnetic sensor, and that molecu-
lar receptors that bind to the magnetic molecules are provided
only 1n the recesses on the sensor surface.

The present invention still further provides the above bio-
sensor characterized 1n that a gold thin film 1s formed 1n the
specified region on the sensor surface of the magnetic sensor,
and the above molecular receptors that have an end modified
by a thiol group are selectively immobilized thereon.

The present invention also provides the above biosensor
characterized 1n that the biosensor comprises a first magnetic
field generation means arranged 1n a position facing the sen-
sor surface of the above magnetic sensor that generates a
magnetic field that 1s applied to the sensor surface of the
above magnetic sensor.

The present invention further provides the above biosensor
characterized in that 1t comprises means whereby the above
first magnetic field generation means intermittently generates
a magnetic field.

The present invention still further provides the above bio-
sensor characterized in that 1t comprises a detector circuit
which, when the above first magnetic field generation means
generates a magnetic field at a constant frequency, extracts
only a frequency component corresponding to the magnetic
field from an output signal of the above detector element.

The present invention further provides the above biosensor
characterized 1n that the biosensor comprises a second mag-
netic field generation means arranged on the backside of a
sensor surface of the above magnetic sensor for generating a
magnetic field that 1s applied to the sensor surface of the
above magnetic sensor.

The present invention further provides the above biosensor
characterized in that the above second magnetic field genera-
tion means comprises means for intermittently generating a

magnetic field.
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The present invention further provides the above biosensor
characterized 1n that the when the above second magnetic
field generation means comprises a detector circuit for gen-
erating a magnetic field at a constant frequency, extracting
only a frequency component corresponding to the magnetic
field from an output signal of the above detector element.

The present invention further provides the above biosensor
characterized 1n that the above magnetic sensor 1s arranged
such that the sensor surface of the magnetic sensor faces in a
direction 1n which gravitational force acts.

The present invention still further provides the above bio-
sensor characterized in that the above semiconductor Hall
device has a pair of current terminals, a gate electrode con-
trolling current flowing between the current terminals, and a
pair ol output terminals arranged such that current flows
roughly perpendicular to current flowing between the current
terminals.

The present invention further provides the above biosensor
characterized 1n that, in the above case, the above gate elec-
trode 1s connected to a gate electrode wire that 1s common to
the semiconductor Hall devices arranged in the same column,
the above pair of current terminals are connected to a pair of
current terminal wires that are common to the semiconductor
Hall devices arranged in the same row, the above pair of
output terminals are connected to a pair of output terminal
wires that are common to the semiconductor Hall devices
arranged 1n the same row, and the above selection means
extracts an output signal of the semiconductor Hall device
arranged 1n an arbitrary position by selecting the gate elec-
trode wire, pair of current terminal wires, and pair of output
terminal wires.

By providing interconnections that are common for each
column and each row, respectively, selection of a semicon-
ductor Hall device in an arbitrary position can be simply
performed and, moreover, the number of interconnections
can be reduced. Thus, production of a magnetic sensor
according to an object to be measured sample 1s simplified,
and miniaturization of a magnetic sensor 1s enabled.

According to a further aspect of the present invention there
1s provided a method for measuring magnetic molecules 1n
which a magnetic sensor composed of detector elements for
detecting a magnetic field produced by bound magnetic mol-
ecules, 1n which the detector elements are arranged two-
dimensionally 1n X rows and Y columns (X andY are natural
numbers, the same applies hereunder), 1s used to determine an
amount of the magnetic molecules, characterized 1n that the
method comprises:

a measurement step for acquiring intensities of magnetic
fields of mutually different regions of a sensor surface of the
magnetic sensor; and

a determination step for determining the amount of the
bound magnetic molecules by comparing the intensities of
the magnetic fields of the mutually different regions obtained
in the measurement step.

The present invention further provides the above method
for measuring magnetic molecules characterized in that in the
above determination step, comparison 1s carried out taking as
a relerence the intensity of a magnetic field of a reference
region to which magnetic molecules are incapable of binding,
that was obtained 1n the above measurement step.

According to another aspect of the present invention there
1s provided a method for measuring magnetic molecules 1n
which a magnetic sensor composed of detector elements for
detecting a magnetic field produced by bound magnetic mol-
ecules, 1n which the detector elements are arranged two-
dimensionally 1n X rows and Y columns (X andY are natural
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numbers, the same applies hereunder), 1s used to determine
the amount of the magnetic molecules, characterized in that
the method comprises:

a pre-binding measurement step for acquiring intensities of
magnetic fields prior to binding of the magnetic molecules;

a post-binding measurement step for acquiring intensities
of magnetic fields after binding of the magnetic molecules;
and

a determination step for determining the amount of the
bound magnetic molecules by comparing the intensities of
the magnetic fields prior to binding with the intensities of the
magnetic fields after binding.

The present 1invention further provides the above method
for measuring magnetic molecules characterized 1n that 1t
turther comprises an offset value acquisition step for acquir-
ing an offset value that 1s output from the detector element.

The present invention still further provides the above
method for measuring magnetic molecules characterized in
that in the above measurement step, by means of a magnetic
field applied at a constant frequency to the sensor surface, an
output signal of a detector element 1s obtained that includes a
signal output at a frequency corresponding to the magnetic
field; and 1n the above determination step, comparison 1s
conducted using a value obtained after removing an offset
value included as a direct current component by extracting
only a frequency component corresponding to the magnetic

field from the output signal of a detector element obtained 1n
the above measurement step.

The present invention also provides the above method for
measuring magnetic molecules characterized in that 1t further
comprises a binding acceleration step for generating a mag-
netic field for bringing the above magnetic molecules close to
the sensor surface by a magnetic field generation means at the
time of introducing the magnetic molecules to the sensor
surtace.

The present invention further provides the above method
for measuring magnetic molecules characterized 1n that in the
above binding acceleration step a magnetic field 1s applied of
an 1ntensity such that the magnetization of the above mag-
netic molecules becomes saturated, and 1n the above step of
acquiring the intensity ol a magnetic field, the magnetic field
1s applied of an intensity such that the magnetization of the
magnetic molecules does not become saturated.

Here, a step for acquiring the intensity of a magnetic field
1s the above measurement step, the above post-binding mea-
surement step or the above pre-binding measurement step or

the like.

The present invention further provides the above method
for measuring magnetic molecules, characterized 1n that the
method further comprises a stirring step for stirring magnetic
molecules, aiter introducing the above magnetic molecules to
the sensor surface, by alternately producing magnetic fields
by means of a first magnetic field generation means arranged
in a position facing the sensor surface and a second magnetic
field generation means arranged on the backside of the sensor
surface.

The present invention also provides the above method for
measuring magnetic molecules, characterized 1n that 1n the
above stirring step a magnetic field 1s applied of an intensity
such that magnetization of the magnetic molecules becomes
saturated, and 1n a step for acquiring the intensity of a mag-
netic field a magnetic field 1s applied of an intensity such that
magnetization of the magnetic molecules does not become
saturated.
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Here, a step for acquiring the intensity of a magnetic field
1s the above measurement step, the above post-binding mea-
surement step or the above pre-binding measurement step or
the like.

According to a further aspect of the present invention there
1s provided a method for measuring objects to be measured
using a biosensor according to any of claims 1 to 20, charac-
terized 1in that molecules that bind specifically to the objects to
be measured for binding are used as the above magnetic
molecules, the method comprising the steps of:

determining the amount of the magnetic molecules bound
specifically to objects to be measured using a biosensor; and

determining the amount of objects to be measured based on
the amount of the magnetic molecules.

According to a still further aspect of the present invention
there 1s provided a method for measuring objects to be mea-
sured using a biosensor according to any of claims 1 to 20,
characterized 1n that molecules that are reversibly exchange-
able for the objects to be measured for binding are used as the
magnetic molecules, the method comprising the steps of:

determining an amount of the magnetic molecules bound
in place of the objects to be measured using a biosensor; and

determining the amount of the objects to be measured
based on the amount of the magnetic molecules.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a view schematically showing a part of the bio-
sensor of the present mnvention;

FIG. 2 1s a view 1illustrating the detection principles of a
biosensor according to a first and second embodiment herein;

FIG. 3A 1s a sectional view of a sensor chip, and FIGS. 3B
and 3C are sectional views of a sensor chip that was subjected
to treatment for enhancing the sensitivity of a semiconductor
Hall device:

FIG. 4A 15 a view showing the configuration of a semicon-
ductor Hall device according to the present invention, FIG.
4B 1s a sectional view along an alternate long and short dash
line denoted by the reference character “a” 1in FIG. 4A, and
FIG. 4C 1s a sectional view along an alternate long and short
dash line denoted by the reference character “b™ in FIG. 4A;

FIG. 5 1s a view 1illustrating a method for selecting Hall
devices 1n an array according to the present invention;

FIG. 6 1s a block diagram 1llustrating a circuit of a biosen-
sor according to the present invention;

FI1G. 7 1s a flowchart illustrating the circuit operation of the
entire biosensor according to the first embodiment herein;

FIG. 8 1s a flowchart illustrating the circuit operation of the
entire biosensor according to the second embodiment herein;

FI1G. 9 15 a view 1llustrating the detection principles of the
biosensor according to the third embodiment herein;

FI1G. 10 1s a view 1illustrating the states of a magnetic field
applied to magnetic molecules by a coil 1n the third embodi-
ment herein;

FIG. 11 1s a flowchart illustrating the circuit operation of
the entire biosensor according to the third embodiment
herein;

FIG. 12 15 a view showing the state of disposition of Hall
devices 1n the third embodiment herein;

FIG. 13 1s a table showing values used for comparison of
output values 1n the third embodiment herein;

FIG. 14 1s a view schematically showing a cross section of
the sensor chip used in the fourth embodiment herein;

FI1G. 15 1s a flowchart illustrating the circuit operation of
the entire biosensor according to the fourth embodiment
herein;
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FIG. 16 1s a table showing values for output signals prior to
binding and output signals after binding; and

FIG. 17 1s a schematic diagram illustrating a conventional
method of solid phase assay using a magnetic particle.

BEST MODE FOR CARRYING OUT TH
INVENTION

(L]

Now, embodiments of the present mvention will be
described referring to the drawings. In each of the drawings
referred to in the following description, parts that are the same
in other drawings are denoted using the same symbol.

Embodiment 1

FIG. 1 1s a schematic diagram showing a part of a sensor
chip comprising the biosensor of the present invention. The
composition of a sensor chip 1 includes semiconductor Hall
devices as detector elements and a signal processing circuit of
the semiconductor Hall devices. The sensor chip 1 1s pro-
duced as described hereunder.

The sensor chip 1 1s formed on a silicon substrate 11 by
well-known CMOS (complementary metal oxide semicon-
ductor) processes. Semiconductor Hall devices are formed at
the bottom of recesses 13 1n the surface of the sensor chip 1.
Input and output of each of the semiconductor Hall devices 1s
conducted through a gate electrode 30 and a metal wire 4.

After forming semiconductor Hall devices and a signal
processing circuit on the silicon substrate 11 by CMOS pro-
cesses, molecular receptors such as antigens, antibodies,
DNA molecules or RNA molecules are immobilized on the
surface of the sensor chip 1 treated by a silane coupling agent
or the like.

Then, a sample solution 1s dropped onto the surface of the
sensor chip 1, and objects to be measured such as antigens,
antibodies, DNA molecules or RNA molecules are bound to
the molecular receptors on the surface of the sensor chip 1.
Thereatter, magnetic particles on which antigens, antibodies,
DNA molecules or RNA molecules or the like are bound are
introduced onto the surface of the sensor chip 1, and are
specifically bound on semiconductor Hall devices to which
objects to be measured are specifically binding.

The semiconductor Hall device preferably has a detection
space ol a size that can accommodate one of the specifically
binding magnetic molecules. More specifically, in this
embodiment, a semiconductor Hall device preferably has a
space capable of detecting a magnetic field produced by a
magnetic molecule binding to a molecular receptor immobi-
lized on the surface of the sensor chip 1. As used herein, the
term “magneticmolecule” refers to a molecule that has mag-
netization. In this embodiment, a magnetic molecule 1s a
molecule labeled with a magnetic particle having a molecular
receptor attached thereto. Alternatively, the molecule itself
has magnetization and can be detected by a semiconductor
Hall device. In this embodiment, the surface area of a semi-
conductor Hall device 2 1s of a size equal to that of the
maximuim cross-section area of a magnetic molecule.

Thus, 1t 1s possible to limit the number of magnetic mol-
ecules 5 that are present 1n a detection space to one. There-
fore, when conducting measurement by detecting the pres-
ence or absence of one of the magnetic molecules 5 using one
of the semiconductor Hall devices 2, 1t 1s possible to prevent
detection of two or more of the magnetic molecules 3 by one
semiconductor Hall device, thereby enabling accurate mea-
surement. The present invention 1s not limited to a measure-
ment method that 1s carried out by one semiconductor Hall
device detecting the presence or absence of one magnetic
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molecule. More specifically, by making the size of the surface
area of the semiconductor Hall device 2 equivalent to the
maximum cross-section area of a plurality of magnetic mol-
ecules, one semiconductor Hall device may detect the pres-
ence of a plurality of magnetic molecules.

Further, as shown in FIG. 1, a similar effect can be obtained
by providing recesses 13 1n the detection spaces on the sur-
face of the sensor chip 1, and making the area of the recesses
13 1n correspondence to the size of the magnetic molecules 5
used 1n each measurement. For example, the recesses 13 may
be provided at a size that 1s smaller than the maximum cross-
section area of the magnetic molecules 5 described above.
Molecular receptors are then provided only in the recesses 13.
Thus, the quantity of the magnetic molecules 5 that are
capable of binding to molecular receptors can be controlled
by limiting the number of molecular receptors 1n the detection
space regardless of the size of the semiconductor Hall
devices. This configuration can be used when the magnetic
molecules 5 are extremely minute in comparison to the size of
the semiconductor Hall devices and 1t 1s not possible to reduce
the size of the detection spaces. In this embodiment, the
recesses 13 are constructed by providing the metal wire 4 on
the surface where the semiconductor Hall devices are pro-
vided, however, for example, the recesses 13 may also be
formed by etching after flattening the surface of the sensor
chip 1. Molecular receptors can be immobilized only 1n the
recesses 13 by first immobilizing molecular receptors to the
sensor chip 1 and then wiping the surface of the sensor chip 1.

The present invention 1s not limited to a case of providing
semiconductor Hall devices on the bottom of recesses as
shown 1 FIG. 1, and semiconductor Hall devices may be
provided such that the sensor chip surface 1s flat. However, by
forming semiconductor Hall devices on the bottom of the
recesses 13 1n the sensor chip surface, mn addition to the
alorementioned effects, the following eflects can also be
obtained. That 1s, interference caused by magnetic molecules
present at the boundary of a detection space of a semiconduc-
tor Hall device can be prevented by adjusting the binding
conditions for magnetic molecules 1n regions detected by
semiconductor Hall devices, or alternatively, the conditions
for reaction between molecular receptors and magnetic mol-
ecules can be made uniform by immobilizing molecular
receptors only 1n regions which are under the same condi-
tions.

In this embodiment, semiconductor Hall devices are pro-
vided 1n the form of a two-dimensional array. In the sensor
chip 1n this case, semiconductor Hall devices are arranged at
intervals that are provided such that two adjacent semicon-
ductor Hall devices detect mutually different magnetic mol-
ecules. Thus, 1t 1s possible to prevent interference among the
individual semiconductor Hall devices. A similar effect can
also be obtaimned by providing recesses corresponding to
mutually different semiconductor Hall devices at the afore-
mentioned 1ntervals as explained above. As shown i FIG. 1,
in this embodiment the recesses 13 corresponding to the
respective semiconductor Hall devices are provided at an
interval W that 1s larger than a diameter R of the magnetic
molecule 5.

The following method may be used as a method for immo-
bilizing molecular receptors such as antigens, antibodies,
DNA molecules or RNA molecules on the surface of the
sensor chip 1. Semiconductor Hall devices and a signal pro-
cessing circuit are formed on the silicon substrate 11 by
CMOS processes, and then a gold thin film 1s formed on the
sensor chup surface. In order to improve adherence between
the gold thin film and the sensor chip surface, a thin film of Cr,
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N1, or T11s preferably formed between the gold thin film and
the surface of the sensor chip 1 as an adhesion layer.

After formation of the gold thin film, molecular receptors
having ends modified with a thiol group are immobilized on
the surface of the gold thin film. In this case, after formation
of the gold thin film, it 1s also possible to immobilize thiol
compounds on the surface of the gold thin film and then
immobilize the molecular receptors thereon.

Further, a gold thin film may be formed only at positions
corresponding to the locations of the semiconductor Hall
devices shown by the recesses 13 1n FIG. 1. Since thiol groups
selectively bind with the gold thin film, 1t 1s possible to 1immo-
bilize molecular receptors on only specific regions on the
surface of the sensor chip 1.

A pattern of a gold thin film to be formed at specific
positions can be formed by a so-called “lift-oil method” in
which a pattern 1s first formed by a photoresist, and subse-
quently a 'T1 thin {ilm as an adhesion layer and a gold thin film
are formed by sputtering, and the photoresist 1s then removed.

Next, the detection principles of a biosensor according to
the present invention will be explained using FIG. 2. FI1G. 2 1s
a view that schematically shows a cross section of the vicinity
of the semiconductor Hall device 2 on the sensor chip 1.
Molecular receptors 61 composed of antibodies are 1immobi-
lized on the surface of the semiconductor Hall device 2. An
object to be measured 62 binds specifically to the molecular
receptor 61, and a magnetic particle 51 further binds to the
object to be measured 62 through specific binding between
the object to be measured 62 and a molecular receptor 63
composed of an antibody. The magnetic particle 51 and the
molecular receptors 63 bind to each other to form the mag-
netic molecule 5.

Anupper coil CU (first magnetic field generation means) 1s
arranged 1n a position facing the surface of the sensor chip 1.
In a state where a magnetic molecule 1s bound to the surface
of the sensor chip 1 as described above, a current 1s passed
through the upper coil CU to generate a magnetic field. In
place of a coil, a permanent magnet or the like may be used.
In FIG. 2, a magnetic flux B 1s formed 1n the direction 1ndi-
cated by an arrow Z, and the figure shows that the direction
thereof 1s perpendicular to the surface of the semiconductor
Hall device. Since the magnetic flux B 1s concentrated by the
magnetic particle 51, the magnetic flux density at the semi-
conductor Hall device 2 1s increased in comparison to a case
where the magnetic particle 51 1s not present. Further,
because the magnetic field 1s applied from an upper coil, the
magnetic flux density increases 1n accordance with the dis-
tance away from the surface of the sensor chip 1. Therelore,
floating magnetic molecules 3 that are not bound to the sur-
face of the sensor chip 1 are attracted upward and do not
influence the magnetic flux density that i1s detected by the
semiconductor Hall device 2. Since the output voltage of the
semiconductor Hall device 2 1s in proportion to the magnetic
flux density, whether or not the magnetic molecule 5 1s bound
on the semiconductor Hall device 2 can be determined by
means of the output voltage.

When detecting the presence of a plurality of magnetic
molecules with one semiconductor Hall device 2, since the
incremental amount of the increase 1n magnetic flux density
due to concentration by a magnetic particle 1s dependent on
the number of magnetic particles, the number of magnetic
molecules bound on one semiconductor Hall device 2 can
also be detected.

In this embodiment a lower coi1l CD (second magnetic field
generation means) 1s arranged on the backside of the sensor
chip 1. The lower coil CD 1s not provided for the purpose of
detecting magnetic molecules, but 1s provided to generate a
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magnetic field for bringing magnetic molecules close to the
surface of the sensor chip 1. In place of a coil, a permanent
magnet or the like maybe used. Upon introduction of mag-
netic molecules onto the sensor chip 1, a current 1s passed
through the lower coil CD to generate a magnetic field. Mag-
netic molecules are attracted to the surface of the sensor chip
1 by the magnetic field that 1s formed such that the magnetic
flux density decreases 1n accordance with an increase in the
distance from the surface of the sensor chip 1, and thus the
time taken for binding of magnetic particles to the surface of
the sensor chip 1 1s reduced.

FIGS. 3A to 3C show sectional views of a sensor chip that
1s subjected to treatment for enhancing the sensitivity of a
semiconductor Hall device. The sensor chip 1 1s formed by
CMOS processes as described above, 1n which the distance
from the gate electrode 30 to the chip surface 1s normally
several um. A sensing surface of the semiconductor Hall
device with respect to magnetic flux 1s formed 1n the interface
between the gate electrode 30 and a p-well region 36. Because
the sensitivity of a semiconductor Hall device with respect to
a magnetic molecule 1s 1n 1verse proportion to the distance
thereol from the sensing surface, 1t 1s preferable that the
thickness of an 1nsulating layer 12 formed on the gate elec-
rode 30 be thin.

Accordingly, after the sensor chip 1 1s produced by stan-
dard CMOS processes, as shown 1n FIG. 3B, the insulating
layer 12 1s removed by etching to a degree such that only the
Hall device region 1s not exposed by the gate electrode 30.
Further, as shown 1n FIG. 3C, a metal layer 37 comprising
aluminium or the like may be provided betforehand on the gate
clectrode 30 as an etching stop layer.

FIG. 2 shows a magnetic molecule 5 that 1s used 1n a
method for measuring an object to be measured using a bio-
sensor that assays an object to be measured by detecting a
magnetic field produced by a magnetic molecule. In this
method, a molecule that binds specifically to the object to be
measured 62 1s used as the magnetic molecule 5, the amount
of the magnetic molecule 5 binding specifically to the object
to be measured 62 1s determined using a biosensor, and the
amount of the object to be measured 62 1s determined based
on the amount of the magnetic molecule 5. However, the
biosensor of the present invention 1s not limited to use only
when measuring an object to be measured by detecting a
magnetic molecule 1n this manner. For example, as the mag-
netic molecule, a molecule may be used that 1s labeled with a
magnetic particle and binds with the surface of a magnetic
sensor 1 competition with an object to be measured. In this
case, the amount of magnetic molecules binding to the sur-
face 1n place of the object to be measured can be determined
using a biosensor, and the amount of the competing object to
be measured can be determined based on the amount of the
magnetic molecule.

The configuration of the semiconductor Hall device of the
present invention will be described referring to FIGS. 4A to
4C.

FIG. 4 A shows atop view of the semiconductor Hall device
2, FIG. 4B shows a sectional view along the alternate long and
short dash line denoted by the reference character “a” 1in FIG.
4A, and FIG. 4C shows a sectional view along the alternate
long and short dash line denoted by the reference character
“b” 1n FI1G. 4A. The composition of the semiconductor Hall
device 2 includes the gate electrode 30, a source electrode 31,
a drain electrode 32, output electrodes 33 and 34, and an
insulating layer 35. The semiconductor Hall device 2 1is
tormed 1n the p-well region 36. The configuration 1s the same
as that ol an n-type MOSFET with the exception of the output
clectrodes. Metal wires to the respective electrodes have been
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omitted from the figure. The output electrodes 33 and 34 are
configured such that current flows perpendicularly to mag-
netic flux formed roughly perpendicularly to the surface of
the sensor chip and current tlowing between the source and
drain electrodes.

The operation of the semiconductor Hall device 2 1s
described hereafter. Bias 1s applied to the gate electrode 30,
the source electrode 31 and the drain electrode 32, to set the
semiconductor Hall device 2 in the same operating state as a
MOSFET. Preferably, at this time, the device operates 1n a
linear region. When an externally applied magnetic tlux is not
present 1n this state, the two output electrodes 33 and 34 are at
the same potential. When a magnetic flux that 1s perpendicu-
lar to the surface of the semiconductor Hall device 1s applied
from outside, a voltage that 1s proportionate to the magnetic
flux density arises as a differential voltage between the output
clectrodes 33 and 34.

Next, referring to FIG. 5, a method will be described for
selecting individual semiconductor Hall devices that are
arranged 1n an array and extracting the output thereof.

A source electrode, drain electrode and pair of output elec-
trodes of individual Hall devices (E(0,0), E(0,1) . . . ) are
connected to V,, V., OUT 1 and OUT 2 via switches (RO,
R1...), and are connected commonly to the same column 1n
the column directionY. The gate electrodes of the same row 1n
the row direction X are also common, and are connected to the
common gate electrode wire C0, C1 . . . of each column. V,
and V., are wires for supplying bias to the Hall device and
OUT 1 and OUT 2 are wires for sending output from the Hall
devices to the amplification circuait.

The case of selecting the Hall device E(0,0) will now be
described. Only the switch R0 1s turned ON, and switches R1,
R2...areturned OFF. Further, only the gate electrode line CO
1s set to a voltage whereby the Hall device enters an operating
state, and the gate electrode lines C1, C2 . . . are set to a
voltage whereby the Hall devices do not operate, 1.€. to a state
whereby a current does not flow between the source and drain
clectrodes even 11 a bias 1s applied to the source electrode and
the drain electrode.

At this point, V, and V., are applied to the source electrode
and drain electrode of the Hall device E(0,0) and the Hall
devices 1n the same row, however current flows only through
the Hall device E(0,0). A voltage that 1s proportionate to the
magnetic flux density arises in the output electrodes of the
Hall device E (0,0). Because the output electrodes of the Hall
devices arrayed 1n the same row as the Hall device E(0, O) are
not 1n an operating state, the output voltage of the Hall device
E(0,0) 1s output as 1t 1s to OUT 1 and OUT 2. With this
configuration, even 1f the number of arrays increases the
number of wires within an array will be the same and 1t will be
only necessary to add a switch to the end. Thus, the area of the
sensor chip will be roughly in proportion to the number of
arrays, thereby enabling easy configuration of a sensor chip
comprising a large number of Hall devices.

FIG. 6 shows the configuration for an entire biosensor. The
composition of the biosensor includes the sensor chip 1 for
introducing a sample solution and carrying out measurement,
and a measurement apparatus main unit that exchanges sig-
nals with the sensor chip 1. A semiconductor Hall device
array 9, an array selection circuit 71 and an amplification
circuit 81 are provided on the sensor chip 1. Other control
circuits 82 such as, for example, a sensor chip control circuit
to control the sensor chip and a signal processing circuit that
processes an output signal from the Hall devices, are provided
on the side of the measurement apparatus main unit. The
sensor chip 1 may be replaced with a new sensor chip after
cach measurement.
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Next, the circuit operation of the entire biosensor accord-
ing to the present invention will be described using the flow-
chart in FIG. 7 while referring to FIG. 6.

In a step S101, 1n a state where molecular receptors, objects
to be measured, and magnetic molecules including magnetic
particles have been introduced onto a sensor chip, a magnetic
field 1s applied from a lower coil. The magnetic molecules are
attracted to the surface of the sensor chip by the magnetic field
that 1s produced such that the magnetic flux density decreases
as the distance from the surface of the sensor chip increases,
thereby enhancing the speed of binding to the surface of the
sensor chip.

In a step S102, 1n a state where binding of magnetic mol-
ecules to the surface of the sensor chip 1s completed, the
magnetic field originating from the lower coil 1s turned OFF.

In a step S103, 1n a state where a magnetic field 1s not
applied to the sensor chip, the output of Hall devices is
obtained. Specifically, an address signal for selecting a spe-
cific Hall device 1s sent from a sensor chip control circuit 82
in the measurement apparatus main unit to the array selection
circuit 71 on the sensor chip. Based on this address signal the
array selection circuit 71 selects the specified Hall device as
described above. An output signal from that Hall device 1s
amplified by the amplification circuit 81 on the sensor chip,
and stored 1n a memory 83 as an ofiset value (first output
value).

In a step S104, the sensor chip control circuit judges
whether signals have been acquired from all the Hall devices,
from which output signals are required, and 1f all the signals
have not been acquired 1t returns to the step S103. Thus, the
output signals of all of the Hall devices are extracted and
recorded.

In a step S105, a magnetic field 1s applied from an upper
coil.

In a step S106, as described above, address information of
a Hall device 1s sent to the sensor chip from the sensor chip
control circuit 82, an output signal 1s extracted, and similarly
to the step S103, the signal 1s stored as the output value of the
Hall device (second output value) in the memory 83.

In a step S107, as described above, the sensor chip control
circuit judges whether signals have been acquired from all the
Hall devices, from which output signals are required, and 1f
all the signals have not been acquired 1t returns to the step
S106. Thus, the binding state of magnetic molecules with
respect to all the Hall devices 1s acquired.

In a step S108, the magnetic field of the upper coil 1s turned
OFF.

In a step S109, the ofifset values of the respective Hall
devices acquired in the step S103 and the corresponding
output values of the Hall devices acquired in the step S106 are
retrieved from the memory 83, and the output values of the
Hall devices are corrected using the offset values 1n the signal
processing circuit 82.

In a step S110, the output values after correction in the step
S109 are compared with respect to adjacent Hall devices. It
the states of adjacent Hall devices are the same, that 1s, both
have magnetic molecules bound thereto or neither has a mag-
netic molecule bound thereto, the output values will be the
same. When the states of adjacent Hall devices are different,
that 1s, only one of the Hall devices has a magnetic molecule
bound thereto, the output value of the Hall device having a
magnetic molecule bound thereto will be larger than that of
the Hall device not having a magnetic molecule bound
thereto. This 1s because the magnetic flux 1s concentrated by
the magnetic molecule.

By comparing the output value of each of the Hall devices
with respect to the output value of the Hall device adjacent
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thereto, the boundaries between regions 1n which magnetic
molecules are bound and regions in which magnetic mol-
ecules are not bound can be determined. Thus, i1t 1s possible to
determine the number of magnetic molecules bound on the
sensor chip surface. The above comparison 1s not limited to
comparison between output values of adjacent semiconduc-
tor Hall devices, and any comparison may be performed as
long as the output values used for comparison are those
obtained from semiconductor Hall devices provided in mutu-
ally different regions.

Further, a specified Hall device that does not comprise on
its surface molecular receptors that capture objects to be
measured may be provided as a reference region to which
magnetic molecules do not bind.

In FIG. 7, after acquiring the offset values of all the Hall
devices, the upper coil 1s turned ON and the output values of
all the Hall devices are then acquired, however 1t 1s also
possible to acquire the oifset value and then acquire the output
value for each Hall device, respectively. That 1s, alter execut-
ing the step S103 for one Hall device, the steps S105, S106
and S108 are then executed 1n that order, and aifter repeating
this procedure for each of the Hall devices, the steps S109 and
S110 are executed.

The biosensor 1s controlled using a program for imple-
menting the operations of FIG. 7 as described above. More
specifically, the program 1s a program for controlling a bio-
sensor which includes a measurement step for acquiring the
intensities of magnetic fields applied respectively to different
regions on the surface of a magnetic sensor, and a determina-
tion step for determining the amount of bound magnetic mol-
ecules by comparing the intensities of the magnetic fields
applied respectively to the mutually different regions that
were acquired 1n the measurement step.

In the measurement step, each of the individual detector
clements arranged 1n a two-dimensional array 1s selected, and
the mtensity of the magnetic field detected by each individual
detector element 1s acquired.

It 1s preferable that the program further comprises an offset
value acquisition step for acquiring the outputs from the
above detector elements as offset values before a magnetic
field 1s applied to the surface of the magnetic sensor in the
above measurement step, and that 1n the above determination
step, comparison 1s conducted using a value obtained by
removing the offset values acquired 1n the offset value acqui-
sition step from the values acquired from the detector ele-
ments 1n the measurement step.

Also, 1t 1s preferable that the program further comprises a
binding acceleration step for generating, upon introduction of
the magnetic molecules to the surface of the magnetic sensor,
a magnetic field for bringing magnetic molecules close to the
surface of the magnetic sensor by a magnetic field generation
means provided below the surface of the magnetic sensor to
which the magnetic molecules bind, and that the speed of
binding of the magnetic molecules 1n the binding acceleration
step 1s enhanced by a magnetic field produced such that the
magnetic flux density decreases according to an increase in
the distance from the surface of the magnetic sensor.

The biosensor control program can be used by recording
the program 1n the aforementioned memory provided 1n the
measurement apparatus main unit of the biosensor or 1n a
read-only storage device provided in the measurement appa-
ratus main unit, or by storing the program 1n a storage device
of another computer or the like.
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Embodiment 2

Next, the circuit operation of the entire biosensor accord-
ing to the second embodiment of the present invention will be
described using the flowchart shown 1n FIG. 8. The configu-
ration of the entire biosensor 1s the same as that shown 1n FIG.
6. However, the amplification circuit 81 in FIG. 6 further
comprises a detector circuit for extracting only a frequency
component from the output signals of the semiconductor Hall
devices.

In a step S201, 1n a state where objects to be measured and
magnetic molecules that include magnetic particles have
been introduced onto a sensor chip, a magnetic field 1s gen-
crated by passing a direct current through a lower coil,
whereby the magnetic molecules are attracted to the sensor
chip surface.

In a step S202, the magnetic field originating from the
lower coil 1s turned OFF.

In a step S203, a magnetic field 1s generated by passing a
direct current through an upper coil, whereby magnetic mol-
ecules are attracted away from the sensor chip surface.

In a step S204, the magnetic field originating from the
upper coil 1s turned OFF.

In a step S203, the operation returns to the step S201 and
the steps from S201 to S204 are repeated until the lapse of a
pre-established time for completion of binding of magnetic
molecules to the sensor chip surface or the completion of a
pre-established number of step repetitions.

In a step S206, an alternating current magnetic field 1s
generated by passing an alternating current through the upper
coil.

In a step S207, the output signal of each Hall device 1s
acquired. Specifically, an address signal for selecting a spe-
cific Hall device 1s sent from the sensor chip control circuit 82
that 1s provided on the measurement apparatus main unit side
to the array selection circuit 71 provided on the sensor chip.
Based on this address signal the array selection circuit 71
selects the specified Hall device as described above. The
amplification circuit 81 on the sensor chip amplifies the out-
put signal from the Hall device. As described above, the
amplification circuit 81 comprises a detector circuit for
extracting only a frequency component corresponding to the
frequency of the applied magnetic field from the output sig-
nal. The output signal extracted by the detector circuit 1s
stored 1n the memory 83 after amplification.

In a step S208, as described above, judgment 1s made as to
whether signals have been acquired from all of the Hall
devices, from which output signals should be acquired. If a
signal has not been acquired from all of the Hall devices the
operation returns to the step S207. Thus, the output signal of
cach Hall device 1s acquired.

In a step S209, the magnetic field of the upper coil 1s turned
OFF.

In a step S210, the output value of each Hall device that was
acquired in the step S207 1s retrieved from the memory 83 and
compared with the output value of the Hall device adjacent
thereto 1n the signal processing circuit 82. If the states of
adjacent Hall devices are the same, that 1s, both have magnetic
molecules bound thereto or neither has a magnetic molecule
bound thereto, the output values will be the same. When the
states ol adjacent Hall devices are different, that 1s, only one
of the Hall devices has a magnetic molecule bound thereto,
the output value of the Hall device having a magnetic mol-
ecule bound thereto will be larger than the output value of the
Hall device not having a magnetic molecule bound thereto.
This 1s because the magnetic flux 1s concentrated by the
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magnetic molecule, thus causing an increase in the output
value of the Hall device having a magnetic molecule bound
thereto.

By comparing the output value of each Hall device with the
output value of the Hall device adjacent thereto, the bound-
aries between regions in which magnetic molecules are
bound and regions in which magnetic molecules are not
bound can be determined. Thus, 1t 1s possible to determine the
number of magnetic molecules bound on the sensor chip
surface.

The biosensor 1s controlled using a program for imple-
menting the operations of FIG. 8 as described above. More
specifically, the program 1s a program for controlling the
aforementioned biosensor i1n which, in the above measure-
ment step, by means of a magnetic field applied at a constant
frequency to the sensor surface, an output signal of a detector
clement 1s obtained that includes a signal output at a fre-
quency corresponding to the magnetic field; and 1n the above
determination step, using a magnetic field applied at a con-
stant frequency across the above magnetic sensor, by retriev-
ing only a frequency component corresponding to the mag-
netic field from an output signal of a detector element that
includes a signal output at a frequency corresponding to the
magnetic field, an offset signal included as a direct current
component can be removed from the output signal.

That 1s, the output signal of the detector element comprises
an alternating current signal that corresponds to the frequency
of an applied alternating current magnetic field and a direct
current offset signal that 1s output regardless of the applica-
tion of a magnetic field. By means of the detector circuit, an
offset value included as a direct current component 1n the
output signal of a detector element can be eliminated by
acquiring only a frequency component for an applied alter-
nating current magnetic field from the output signal of the
detector element.

It1s preferable that the program further comprises a stirring
step to be conducted after the introduction of the magnetic
molecules to the surface of the magnetic sensor and prior to
the above measurement step. In the stirring step, magnetic
molecules are stirred by alternately producing magnetic fields
by means of a first magnetic field generation means provided
in a position facing the surface of the magnetic sensor and a
second magnetic field generation means provided below the
surface of the magnetic sensor.

Preferably, in the above stirring step, by alternately 1nvert-
ing the inclination of the magnetic flux density formed 1n a
perpendicular direction to the surface of the magnetic sensor,
the speed of binding between an object to be measured and a
magnetic molecule 1s enhanced, and the speed of binding
between a molecular receptor immobilized on the surface of
the magnetic sensor and a magnetic molecule bound with an
object to be measured 1s also enhanced.

With respect to the description of the scope of the claims,
the present invention may take the following form.

(1) The biosensor according to claim 13, which further
comprises a magnetic field switching means for performing
switching such that the first magnetic field generation means
and the second magnetic field generation means alternately
generate a magnetic field, characterized in that magnetic mol-
ecules are stirred by alternately changing a state of distribu-
tion of a magnetic field on a magnetic sensor surface by
means ol the magnetic field switching means.

Thereby, magnetic particles can be stirred 1n a sample
solution, and the speed of binding between magnetic particles
used as labels 1n measurement and other substances can be
enhanced, and thus a time required for measurement can be
reduced.




US 7,425,455 B2

17

As used herein, a magnetic field switching means may be
composed of, for example, a switch for alternately passing
current to a first coil used as a first magnetic field generation
means and a second coil used as a second magnetic field
generation means. The switching frequency and switching
time and the like may be set up 1 advance.

Embodiment 3

Next, the detection principles of a biosensor according to
the third embodiment of the present invention will be
described using FIG. 9. FIG. 9 1s a view schematically show-
ing a cross section of the vicinity of the semiconductor Hall
device 2 of the sensor chip 1. The molecular receptors 61
composed of antibodies are immobilized on the surface of the
semiconductor Hall device 2. The object to be measured 62 1s
bound specifically to one of the molecular receptors 61. Fur-
ther, the magnetic particle 51 1s bound to the object to be
measured 62 through specific binding between the object to
be measured 62 and one of the molecular receptors 63 that are
composed of antibodies. The magnetic particle 51 and the
molecular receptors 63 bind to each other to form the mag-
netic molecule 5.

The sensor chip 1 1s arranged with 1ts surface facing down-
ward, and a rear coil CR (second magnetic ficld generation
means) 1s provided. The intensity of a magnetic field gener-
ated by the rear coill CR 1s set such that the intensity is
suificient for attracting magnetic molecules to the surface of
the sensor chip 1. As shown in FIG. 9, part of a magnetic
molecules binds to the surface of the sensor chip 1. In this
state, the magnetic field generated by the rear coil CR 1s
weakened to a degree such that floating magnetic molecules
that are not bound to the surface of the sensor chip 1 sink
downward due to gravitational force.

In FIG. 9, the magnetic flux B i1s formed in the direction
shown by an arrow Z2, which 1s perpendicular with respect to
the surface of the semiconductor Hall device. Since the mag-
netic flux B 1s concentrated at the magnetic particle 51, the
magnetic flux density at the semiconductor Hall device 2 1s
increased 1in comparison to a case where the magnetic particle
51 1s not present. At this point, magnetic molecules 5 that have
sunken downward do not affect the magnetic flux density
detected by the semiconductor Hall device 2. Since the output
voltage of the semiconductor Hall device 2 1s 1n proportion to
the magnetic flux density, whether or not amagnetic molecule
5 1s bound on the semiconductor Hall device 2 can be deter-
mined based on the output voltage.

In this embodiment 1t 1s preferable that at the time of
introduction of magnetic molecules to the sensor chip 1, the
rear coil CR intermittently generates a magnetic field of an
intensity suificient for attracting magnetic molecules to the
surface of the sensor chip 1, such that the speed of binding
between objects to be measured and magnetic particles 1s
enhanced by stirring 1n which the magnetic particles are
moved up and down, and further, the speed of binding of
magnetic particles bound with objects to be measured to
molecular receptors that are immobilized on the magnetic
sensor surface 1s also enhanced.

The state of amagnetic field applied to magnetic molecules
by the coil according to Embodiment 3 1s shown in FIG. 10.

First, magnetic molecules are stirred to facilitate reaction
between molecular receptors and objects to be measured.
During the period from stirring start T, to stirring end T ,, the
rear coil CR intermittently applies a magnetic field having a
magnetic field intensity B, that is strong enough to attract
magnetic molecules. In the figure, the generated magnetic
field 1s bipolar, however the magnetic field may be unipolar.
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After completion of reaction, in a measurement step (from
measurement start T, to measurement end T ,) the rear co1l CR
generates a weak alternating current magnetic field of a mag-
netic field intensity B, that 1s of an intensity such that the
magnetization of magnetic molecules does not become satu-
rated, and the signals of all magnetic sensors are measured.

Next, the circuit operation of the entire biosensor accord-
ing to Embodiment 3 of the present mmvention will be
explained using the tlowchart in FI1G. 11. The configuration of
the entire biosensor 1s the same as that shown 1n FIG. 6, except
that the amplification circuit 81 1n FIG. 6 further comprises a
detector circuit for extracting only a frequency component
from the output signal of a semiconductor Hall device.

In a step S301, 1n a state where objects to be measured and
magnetic molecules that include magnetic particles have
been itroduced to a sensor chip, a magnetic field 1s generated
bypassing intermittent current through the rear coil, whereby
magnetic molecules are attracted to the sensor chip surface
during periods when the current 1s flowing.

In a step S302, the operation returns to the step S301 and
the steps S301 and S302 are repeated until a pre-established
time for completion of binding of magnetic molecules to the
sensor chip surface has lapsed.

In a step S303, the magnetic field originating from the rear
coil 1s turned OFF.

In a step S304, an alternating current magnetic field 1s
applied by passing alternating current through the rear coil.

In a step S303, the output signal of each Hall device 1s
acquired. Specifically, an address signal for selecting a spe-
cific Hall device 1s sent from the sensor chip control circuit 82
that 1s provided on the measurement apparatus main unit side
to the array selection circuit 71 provided on the sensor chip.
Based on this address signal, the array selection circuit 71
selects the specified Hall device as described above. The
output signal from the Hall device 1n question 1s amplified by
the amplification circuit 81 on the sensor chip. As described
above, the amplification circuit 81 comprises a detector cir-
cuit for extracting only a frequency component correspond-
ing to the frequency of the applied magnetic field from the
output signal. The output signal extracted by the detector
circuit 1s stored in the memory 83 after amplification.

In a step S306, as described above, judgment 1s made as to
whether signals have been acquired from all of the Hall
devices, from which output signals should be acquired. It a
signal has not been acquired from each of the Hall devices the
operation returns to the step S305. Thus, the output signals of
all the Hall devices are acquired.

In a step S307, the magnetic field of the rear coil 1s turned
OFF.

In a step S308, the output value for each Hall device that
was acquired 1n the step S305 1s retrieved from the memory
83. Then, 1n the signal processing circuit 82, comparison 1s
carried out between output values of Hall devices that do not
comprise molecular receptors on their surface, that 1s, Hall
devices arranged 1n a reference region, and output values of
Hall devices that comprise molecular receptors on their sur-
face. I a Hall device that comprises a molecular receptor on
its surface does not have a magnetic molecule binding thereto,
the output value thereof will be at the same level as the output
value of a Hall device arranged 1n the reference region. If a
Hall device has a magnetic molecule binding thereto, the
output value thereot will be larger than that of a Hall device 1n
the reference region since the magnetic flux will be concen-
trated by the magnetic molecule.

By comparing the respective output values of all the Hall
devices having molecular receptors on their surface with the
output value of a Hall device that does not have a molecular
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receptor on its surface, the number of magnetic molecules
bound on the sensor chip can be determined.

FI1G. 12 1s a view showing the state of disposition of Hall
devices 1n this embodiment.

In the figure, of Hall devices 2a, 25, and 2¢, only the Hall
devices 2a and 2¢ comprise molecular receptors on their
surface.

When the size of the Hall voltage, which 1s the voltage
difference between two output terminals of the Hall device, 1s
represented by “VD”, and the size of the magnetic flux den-
sity of a magnetic field applied to the Hall device is repre-
sented by “B”, the following formula (1) applies:

VD=AxB Formula (1) (A is a proportionality factor)

When the size of the magnetic flux density of a magnetic
field applied to a Hall device by a rear coil in a state where
magnetic molecules are not bound to the surface thereof 1s
taken as “B0”, and the size of the magnetic flux density 1n a
state where magnetic molecules are bound to the surface
thereot 1s taken as “B0 (1+A), the sizes VD, ,VD,,, VD, |
of the Hall voltage of the respective Hall devices 2a, 2b and 2¢
are respectively represented 1n the following formulas (2) to

(4):

VD, =AxBO(1+A) Formula (2)

VD, ,=AxB0 Formula (3)

VD, =AxB50 Formula (4)

When the sensitivity of the Hall device, 1.e., “A”, 1s
unchanging and the size “B0”of the magnetic flux density of
a magnetic field applied to every Hall device or every time of
measurement by a coil 1s also constant, the presence or
absence of binding of a magnetic molecule on the surface of
cach Hall device can be determined from the absolute value of
the Hall voltage. However, although 1n theory the sensitivity
and the si1ze of the magnetic flux density applied by a coil will
be the same for adjacent Hall devices, because of vanations in
the production process or variations in the distance between
the coil and the Hall devices and the like, the absolute value
thereol 1s not always constant. Therefore, for individual Hall
devices 1t 1s difficult to determine the presence or absence of
binding of a magnetic molecule on the surface thereof using,
only the Hall voltage thereof.

I1 the size of the Hall voltage of the Hall device 25 1s taken
as a reference, and the difference thereof with the Hall volt-
ages of the Hall devices 2a and 25 1s calculated, the resulting
values will be those shown respectively i formulas (5) and

(6).

VD, — VD5, =AxB0xA Formula (5)

VD, — VD5, =0 Formula (6)

Thus, by employing as a reference the Hall voltage of a
Hall device 1n a reference region, which 1s a Hall device not

comprising a molecular receptor on the surface thereotf, even
if the absolute value of the magnetic flux density or the
sensitivity tluctuates, the presence or absence of binding of a
magnetic molecule can be 1dentified based on whether or not
the difference 1s zero.

The difference can also be determined in this way in the
comparison to determine the presence or absence of binding.
For example, as described hereafter, the presence or absence
of binding can also be determined based on a value obtained
by dividing the Hall voltage that 1s the object for comparison
by the Hall voltage of a reference region.

As described 1n the foregoing, a reference region may be
provided, for example, by previously providing an unformed
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region ol a gold thin film on a sensor surface. Thereby, at the
time of immobilizing molecular receptors, molecular recep-
tors are not immobilized on the reference region, and thus a
region to which the magnetic particles 31 are incapable of
binding 1s formed. The number of reference regions on a
sensor surface 1s not limited to one, and a plurality of refer-
ence regions may be provided thereon.

The biosensor 1s controlled using a program for imple-
menting the operations 1 FIG. 11 as described above.

More specifically, the program 1s a program for controlling
the atorementioned biosensor 1in which, in the above offset
value correction step, using a magnetic field applied at a
constant frequency across the above magnetic sensor, by
retrieving only a frequency component corresponding to the
magnetic field from an output signal of a detector element that
includes a signal output at a frequency corresponding to the
magnetic field, an offset signal included as a direct current
component can be removed from the output signal.

That 1s, the output signal of the detector element comprises
an alternating current signal that corresponds to the frequency
of an applied alternating current magnetic field and a direct
current offset signal that 1s output regardless of the applica-
tion of a magnetic field. Using the detector circuit, an offset
value included as a direct current component 1n the output
signal of a detector element can be eliminated by acquiring
only the component of the frequency of the applied alternat-
ing current magnetic field from the output signal of the detec-
tor element.

Further, at the time of introduction of the magnetic mol-
ecules to the surface of the magnetic sensor, a magnetic field
generation means that generates a magnetic field for drawing
the magnetic molecules close to the magnetic sensor surface
1s intermittently activated to enable stirring of the magnetic
molecules.

In the aforementioned stirring step, by producing a mag-
netic flux intermittently in a direction perpendicular to the
surface of the magnetic sensor, the speed of binding between
objects to be measured and magnetic molecules can be
enhanced. Further, the speed at which a magnetic molecule
bound with an object to be measured comprising an antigen
binds through the object to be measured with a molecular
receptor immobilized on the magnetic sensor surface that
captures the object to be measured can be enhanced.

FIG. 13 1s a table showing values obtained by dividing the
output values of five Hall devices having on their surfaces
molecular receptors capturing objects to be measured by the
output value of a Hall device not having a molecular receptor
on 1ts surface, 1 which the respective output values were
obtained in a measurement step.

In this measurement, Hall devices having the form shown
in FIGS. 4A to 4C were arranged 1n an array, and an array
selection circuit and amplification circuit were fabricated on
the same silicon substrate. The distance between the source
clectrode 31 and drain electrode 32 of the Hall device was
approximately 6.4 um, and the distance from the sensing
surface, that 1s, from a channel formed below the gate elec-
trode 30 to the surface of the insulating layer 12, was approxi-
mately 2.8 um. The disposition pitch of the Hall devices
arranged 1n the array was 12.8 um. A voltage between the
source electrode and drain electrode of a Hall device selected
by the array selection circuit was approximately 4 V, and a
voltage between the source electrode and gate electrode was
approximately 5 V. The magnetic flux density generated on
the surface of the Hall devices by a coil was 20 Hz, and
approximately 50 grms. Magnetic particles manufactured by
Dynal Biotech (product name: Dynabeads) having a diameter
of 4.5 um were used as the magnetic particles.
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Referring to FIG. 13, the output of semiconductor Hall
devices No. 2, No. 4, and No. 5 1s approximately 5% larger
than the output of a semiconductor Hall device not having a
molecular receptor on its surface. Therefore, 1t could be
assumed that magnetic particles were bound to the semicon-
ductor Hall devices No. 2, No. 4, and No. 5. In verification
using a microscope 1t was found that magnetic particles were
bound to the surfaces of semiconductor Hall devices No. 2,
No. 4, and No. 5, and magnetic particles were not bound to the
surfaces of semiconductor Hall devices No. 1 and No. 3. Thus
matched the results shown in FIG. 13.

Embodiment 4

FIG. 14 schematically shows a cross section of a sensor
chip used in Embodiment 4.

In FIG. 14, amagnet 1s arranged above the sensor chip 1. At
this point, the magnetic flux B originating from the magnet 1s
formed 1n the direction shown by the arrow Z that 1s perpen-
dicular to the surface of the semiconductor Hall device.
Because the magnetic flux B 1s concentrated at the magnetic
particle 51, the magnetic tlux density at the semiconductor
Hall device 2 1s increased 1n comparison to a case where the
magnetic particle 51 1snot present. Since the output voltage of
the semiconductor Hall device 2 1s in proportion to the mag-
netic flux density, it 1s possible to determine whether or not
the magnetic molecule 5 1s bound on the semiconductor Hall
device 2 based on the output voltage.

Using the flowchart shown 1n FIG. 15, the circuit operation
of the entire biosensor according to Embodiment 4 that uses
the biosensor shown 1n FIG. 14 will be described. The con-
figuration of the entire biosensor used herein 1s the same as
that shown 1n FIG. 6.

In a step S401, 1n a state where objects to be measured and
magnetic molecules that include magnetic particles are not
introduced onto a sensor chip, a magnetic field 1s applied by
a magnet and the intensity of a magnetic field prior to binding
of magnetic molecules 1s acquired. Specifically, an address
signal for selecting a specific Hall device 1s sent from a sensor
chip control circuit 82 that 1s located on the measurement
apparatus main unit side to an array selection circuit 71 on the
sensor chip. Based on this address signal, the array selection
circuit 71 selects the specified Hall device as described above.
The output signal from the Hall device 1n question 1s ampli-
fied by the amplification circuit 81 on the sensor chip, and
stored 1n the memory 83 as an initial value.

In a step S402, judgment 1s made as to whether signals have
been acquired from all the Hall devices, from which output
signals should be acquired. If a signal has not been acquired
from each Hall device the operation returns to the step S401.
Thus, the output signal of each Hall device 1s extracted and
recorded.

In a step S403, objects to be measured and magnetic mol-
ecules are mtroduced onto a sensor chip in a state where a
magnetic field 1s not applied thereto, and upon completion of
binding a magnetic field of the same intensity as that in the
step S401 1s applied by the magnet. In this state, as described
above, address information of a Hall device 1s sent from the
sensor chip control circuit 82 to the sensor chip, and the
output signal of the relevant Hall device 1s extracted.

In a step S404, the mitial value of the same Hall device that
was acquired 1n the step S401 1s retrieved from the memory
83. In the signal processing circuit 82, the output signal
extracted 1n the step S403 and the 1mitial value are compared.

In a step S405, the result of the comparison conducted in
the step S404 1s output. Since the output of a Hall device to
which a magnetic molecule 1s bound will be different to the
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initial value thereof, 1rrespective of the fact that magnetic
fields of the same intensity were applied thereto, 1t 1s thus
possible to determine whether or not a magnetic molecule 1s
bound on a Hall device in an arbitrary position. Also, as
described hereatter, by obtaining a comparison result for each
of the Hall devices, the number of magnetic molecules bound
on the sensor chip can be determined. The comparison results
can be output as the number of magnetic molecules bound on
a sensor chip or as position mformation, according to the
purpose of use.

In a step S406, as described above, judgment 1s made as to
whether signals have been acquired from all the Hall devices,
from which output signals should be acquired. It a signal has
not been acquired from each Hall device the operation returns
to the step S403. Thus, the state of binding of magnetic
molecules on each of the Hall devices 1s acquired.

The biosensor 1s controlled using a program for imple-
menting the operations 1 FIG. 135 as described above. More
specifically, the program 1s a program for controlling the
alorementioned biosensor that includes: a pre-binding mea-
surement step for acquiring the intensity of a magnetic field
applied to a magnetic sensor prior to binding of magnetic
molecules; a post-binding measurement step for acquiring the
intensity of a magnetic field applied to a magnetic sensor after
binding of magnetic molecules; and a determination step for
determining the amount of bound magnetic molecules by
comparing the mtensity of the magnetic field prior to binding
with the intensity of the magnetic field after binding. Further,
in the pre-binding measurement step and the post-binding
measurement step, each of the detector elements arranged in
a two-dimensional array 1s selected, and the intensity of the
magnetic field detected by each detector element 1s acquired.
The biosensor control program can be used by recording the
program in the atlorementioned memory provided in the mea-
surement apparatus main unit of the biosensor or 1n a read-
only storage device provided in the measurement apparatus
main unit, or by storing the program in a storage device of
another computer or the like.

FIG. 16 shows the values for output signals prior to binding,
and output signals after binding.

In this measurement, Hall devices having the form shown
in FIGS. 3A to 3C were arranged 1n an array and an array
selection circuit and amplification circuit were fabricated on
the same silicon substrate. The distance between the source
clectrode 31 and drain electrode 32 of the Hall devices was
approximately 6.4 um, and the distance from the sensing
surface, that 1s, from a channel formed below the gate elec-
trode 30 to the surface of the insulating layer 12 was approxi-
mately 5 um. The disposition pitch of the Hall devices
arranged 1n the array was 12.8 um. The gain of the amplifi-
cation circuit was 100-fold. A voltage between the source
clectrode and the drain electrode of a Hall device selected by
the array selection circuit was approximately 4V, and a volt-
age between the source electrode and the gate electrode was
approximately 5 V. The magnet used was such that a magnetic
flux density of approximately 2500 gauss was generated
across the surface of the Hall device. The magnetic particles
used were manufactured by Dynal Biotech (product name:
Dynabeads) and had a diameter of 4.5 um.

FIG. 16 shows the values of output signals from five Hall
devices arranged in an array, before and after binding of
magnetic molecules. Referring to FIG. 16, for semiconductor
Hall devices No. 1 to No. 5 arranged in an array atrespectively
different positions, a pre-binding output voltage (mV'), a post-
binding output voltage (mV) and a voltage difference (mV)
between the two are, respectively, (882, 882, 0) for semicon-

ductor Hall device No. 1; (886, 887, 1) for semiconductor
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Hall device No. 2; (885, 885, 0) for semiconductor Hall
device No. 3; (887,892, 5) for semiconductor Hall device No.
4. and (886, 887, 1) for semiconductor Hall device No. 5. As
1s clear from the differences between the values for pre-
binding and post-binding, the signal from semiconductor
Hall device No. 4 to which magnetic molecules attached was
the only signal that increased. Therefore i1t could be assumed
that magnetic molecules bound only to the semiconductor
Hall device No. 4. In confirmation using a microscope prior to
binding and aiter binding on the Hall devices, it was found
that magnetic molecules bound only to semiconductor Hall
device No. 4, and magnetic molecules did not bind to any of
the other semiconductor Hall devices. This matched the
results for the output signals.

The above description relates to specific embodiments of
the present invention. A person skilled 1n the art can suitably
devise various modifications of the present invention, and
such modifications are also encompassed 1n the technical
scope of the present invention.

INDUSTRIAL APPLICABILITY

By using the biosensor according to the present invention,
it 1s possible to determine the two-dimensional distribution of
objects to be measured or the amount of bound objects to be
measured.

In particular, by determining the amount of an object to be
measured by comparing the intensities of magnetic fields of
respectively different regions on the surface of a magnetic
sensor, measurement can be performed promptly. This 1s
because the value of a magnetic field to be the object for
comparison and the value of a magnetic field to be the refer-
ence for comparison can be acquired 1n the same state, that 1s,
in a state where magnetic molecules and objects to be mea-
sured have been introduced onto the magnetic sensor. Further,
by obtaining an output value 1n a reference region to which
magnetic molecules cannot bind and comparing that value
with the output value of each detector element, precise assess-
ment of the presence or absence of binding 1s enabled 1rre-
spective of fluctuations in the sensitivity of the sensor or
fluctuations 1n the absolute value of the magnetic flux density
or the like, and detection of minute changes in a magnetic
field 1s also enabled. In addition, with respect to offset values
that depend on the configuration of a sensor, values can be
acquired having conditions of a sample solution in which
magnetic molecules or the like are mtroduced and operating,
conditions of an apparatus and the like equivalent to those at
the time ol measurement, whereby measurement of a higher
accuracy 1s possible.

By making the size of the surface of semiconductor Hall
devices equivalent to or less than the size of magnetic mol-
ecules and making the intervals at which the semiconductor
Hall devices are arranged larger than the size of the magnetic
particles, interference from other magnetic molecules can be
climinated. This can enhance the accuracy of detection and
analysis.

Further, by selectively immobilizing molecular receptors
on the surface of a magnetic sensor, for example, by 1mmo-
bilizing molecular receptors on sections corresponding to the
sites of semiconductor Hall devices, the detection state of
magnetic molecules binding to molecular receptors can be
adjusted.

Forming a magnetic sensor using semiconductor Hall
devices according to the present invention makes 1t possible
to use common 1interconnections, and thus the number of
devices can be easily increased and construction of a low-
cost, small-size biosensor 1s enabled.
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Further, by attracting magnetic molecules that are not
bound to a sensor surface away from the sensor surface uti-
lizing a magnetic field, 1t 1s possible to carry out fast and
accurate measurement without the need to wash away floating
magnetic molecules that have not bound to the magnetic
sensor surface when determining the quantity of bound mag-
netic molecules.

While measurement may be conducted after removing
unbound magnetic molecules using a magnet or the like,
constructing a biosensor in which the sensor surface 1s facing
downward allows measurement to be performed at the same
time as 1solation of unbound molecules. In addition, it also
allows the intensity of a magnetic field to be applied at the
time of measurement to be kept to a level whereby the mag-
netic field does not become saturated, thereby enabling output
signals to be obtained from Hall devices to be more obvious.

By providing a magnetic field generation means that
attracts magnetic molecules to the surface of the magnetic
sensor, 1t 1s possible to speed up binding of magnetic mol-
ecules to the magnetic sensor surface, thereby reducing the
assay time.

Further, by forming a magnetic sensor, selection means,
and signal amplification circuit on one chip, 1t 1s possible to
miniaturize the magnetic sensor and, at the same time, to
replace one magnetic sensor with another according to a
sample solution used.

The mvention claimed 1s:

1. A biosensor for analyzing material containing measure-
ment objects by measuring magnetic molecules having first
molecular receptors bound to the measurement objects, com-
prising:

a magnetic sensor having a surface and comprising;:

a plurality of semiconductor Hall devices provided
under the sensor surface, the Hall devices being
arranged 1n X rows and Y columns, X and Y being
integers greater than or equal to one, the Hall devices
having surfaces; and

second molecular receptors immobilized on the Hall
devices having surfaces;

a selection means for selecting individual ones of the Hall
devices and for extracting outputs of the selected Hall
devices; and

a signal processing means for;
comparing only the extracted outputs to determine

which of the selected Hall devices have magnetic
molecules bound to the second molecular receptors
thereof and which of the selected Hall devices do not
have magnetic molecules bound to the second
molecular receptors thereof; and

analyzing the compared extracted outputs to determine
the amount of measurement objects in the material.

2. The biosensor according to claim 1, wherein the surface
of the magnetic sensor includes a reference region to which
the magnetic molecules are incapable of binding, and the
signal processing means conducts a comparison using an
intensity of a magnetic field of the reference region as a
reference.

3. The biosensor according to claim 2, wherein a surface
treatment 1s performed on the reference region such that
molecular receptors are incapable of binding thereto.

4. The biosensor according to any one of claims 1 to 3,
wherein the magnetic sensor, the selection means, and a sig-
nal amplifier circuit that amplifies an output signal of a
selected one of the plurality of semiconductor Hall devices
are formed on one chip.

5. The biosensor according to claim 1, wherein a size of
cach detection space 1n which detection of amagnetic field by




US 7,425,455 B2

25

a corresponding one of the plurality of semiconductor Hall
devices 1s possible 1s equal to a size of approximately one
molecule of the magnetic molecules for binding.

6. The biosensor according to claim 1, wherein, in the
magnetic sensor, the plurality of semiconductor Hall devices
are arranged at intervals such that adjacent ones of the plu-
rality of semiconductor Hall devices detect mutually different
ones of the magnetic molecules.

7. The biosensor according to claim 6, wherein the adjacent
ones ol the plurality of semiconductor Hall devices are
arranged at an 1interval that 1s equal to or greater than a size of
the magnetic molecules.

8. The biosensor according to claim 1, wherein the surface
of the magnetic sensor 1s subjected to a surface treatment for
selectively immobilizing the second molecular receptors 1n
selected regions on the surface of the sensor.

9. The biosensor according to claim 8, further comprising
recesses of a size corresponding to a size of the magnetic
molecules provided on the surface of the magnetic sensor, and
the second molecular receptors that bind to the magnetic
molecules are provided only in the recesses.

10. The biosensor according to claim 8 or 9, wherein a thin
gold film 1s formed in regions on the surface of the magnetic
sensor, and selected ones of the second molecular receptors
having an end modified by a thiol group, the selected ones of
the second molecular receptors being immobilized.

11. The biosensor according to claim 1, wherein the bio-
sensor further comprises a magnetic field generation means
arranged 1n a position facing the surface of the magnetic
sensor, the magnetic ficld generation means generating an
applied magnetic field, which 1s applied to the surface of the
magnetic sensor.

12. The biosensor according to claim 11, wherein the mag-
netic field generation means further comprises a means for
intermittently generating the applied magnetic field.

13. The biosensor according to claim 11 or 12, wherein the
magnetic field generation means further comprises a detector
circuit for generating a magnetic field at a constant frequency,
and extracting a frequency component corresponding to one
of a plurality of magnetic fields, said one of the plurality of
magnetic fields being associated with an output signal of the
detector circuit.

14. The biosensor according to claim 1, wherein the bio-
sensor further comprises a magnetic field generation means
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arranged on a backside of the magnetic sensor, the magnetic
field generation means generating an applied magnetic field
that 1s applied to the surface of the magnetic sensor.

15. The biosensor according to claim 14, wherein the mag-
netic field generation means further comprises a means for
intermittently generating the applied magnetic field.

16. The biosensor according to claim 14 or 15, wherein the
biosensor further comprises a detector circuit, which, when
the magnetic field generation means generates the applied
magnetic field at a constant frequency, and the detector circuit
extracts a frequency component corresponding to the applied
magnetic field from an output signal of the detector element.

17. The biosensor according to claim 1, wherein the surface
of the magnetic sensor faces a direction 1n which gravitational
force acts.

18. The biosensor according to claim 1, wherein each of the
plurality of semiconductor Hall devices has a pair of current
terminals, a gate electrode controlling current flowing
between the current terminals, and a pair of output terminals
arranged such that current tlows substantially perpendicular
to current flowing between the pair of current terminals.

19. The biosensor according to any one of claims 1 to 3,
wherein each of the plurality of semiconductor Hall devices
has a pair of current terminals, a gate electrode for controlling,
current flowing between the current terminals, and a pair of
output terminals arranged such that current flows substan-
tially perpendicular to current flowing between the current
terminals, and wherein

the gate electrode 1s connected to a gate electrode wire that

1s common to {irst selected ones of the plurality of semi-
conductor Hall devices arranged 1n a column, the pair of
current terminals are connected to a pair of current ter-
minal wires that are common to second selected ones of
the plurality of semiconductor Hall devices arranged in
a row, the pair of output terminals are connected to a pair
of output terminal wires that are common to the second
selected ones of the plurality of semiconductor Hall
devices, and the selection means extracts an output sig-
nal of corresponding to any one of the plurality of semi-
conductor Hall devices by selecting the gate electrode
wire, the pair of current terminal wires, and the pair of
output terminal wires.
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